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Abstrat. The parity-violating nuleon-nuleon interation is the key to understanding the
strangeness-onserving hadroni weak interation at low energies. In this brief talk, I review
the past aomplishments in and urrent status of this subjet, and outline a new joint eort
between experiment and theory that tries to address the potential problems in the past by
fousing on parity violation in few-nuleon systems and using the language of eetive eld
theory.
1. Introdution
Fifty years ago, the seminal paper on parity violation in weak interations by Lee and Yang,
and the subsequent experimental onrmations in β deay of 60Co, muon, and pion is one of the
most exiting moments in physis. This disovery fully exemplies symmetry being a ritial
harater of physial laws; through the study of its onservation or violation, we are able to
explore the fundamental interations and anything beyond our urrent knowledge boundary.
The fruitful ahievements an be best summarized in the very suessful Standard Model of
elementary partile physis, whih is based on the SU(3) ⊗ SU(2) ⊗ U(1) gauge symmetry and
provides exellent desriptions of strong, weak, and eletromagneti interations.
The study of strangeness-onserving (∆S = 0) hadroni weak interation, i.e., the weak
interation between two quarks without hange of avor, was started shortly after the disovery
of parity violation [1℄. However, not until a deade later was the rst evidene found by
observing a non-zero irular polarization, Pγ = −(6 ± 1) × 10−6, in the γ-deay of 181Ta [2℄.
The same Leningrad group then performed the rst measurement of parity violation in simple
nulear systems using radiative thermal neutron apture by proton, and reported a result
Pγ = −(1.30±0.45)×10−6 [3℄ whih surprised theoretial expetations not only by its being two
order of magnitude bigger but also by the sign. This famous Lobashov experiment was eventually
redone in the early 80s, and the result Pγ = (1.8 ± 1.8) × 10−7 [4℄, though with a big error, is
now onsistent with theory.
Despite lots of eorts being spent in this eld, ompared to what have been ahieved in
leptoni, semi-leptoni, and strangeness-hanging hadroni weak interations, our understanding
in the ∆S = 0 hadroni setor is still relatively poor. The diulties are not hard to grasp: Sine
Table 1. The ve SP amplitudes, where I denotes the isospin and so do the supersripts in
v's and λ's, and the entries in the last olumn are the orresponding Danilov parameters.
Transition I ↔ I ′ ∆I nn np pp Amp. E → 0
3S1 ↔1 P1 0↔ 0 0
√
u λt
0
√ √ √
v0 λ0s
1S0 ↔3 P0 1↔ 1 1
√ √
v1 λ1s
2
√ √ √
v2 λ2s
3S1 ↔3 P1 0↔ 1 1
√
w ρt
nuleon-nuleon (NN) systems are by far the only viable venue to observe suh an interation, 1
experimentally, one needs high preision to disern the muh smaller parity-violating (PV)
signals. Theoretially, the non-perturbative harater of the quark-gluon dynamis makes a
"rst-priniple" formulation of the PVNN interation, whih one needs to interpret experiments,
as yet impossible.
Given the fat that most weak interations are tested so well, why do we still bother with
the ∆S = 0 setor? There are several reasons for it. First: this is the only ase where one
an study the neutral weak interation between two quarksthe ∆S 6= 0 setor involves only
harged urrents. Therefore, we still need this missing piee to make the whole weak interation
theory omplete. Seond, and maybe more important from the modern perspetive: as this
interation omes out as an intriate interplay between the fundamental weak interation and
the nonperturbative QCD, it an, in another way, provide additional information about the
low-energy strong dynamis, whih is not probed by usual sattering proesses. Third, and
somewhat related to the previous one: we know, in the ∆S = 1 hadroni weak interation, the
famous ∆I = 1/2 rulea good example of how strong interation modies the fundamental
weak interation. It would be valuable to have some omplementarity in the ∆S = 0 setor.
Last but not least: several PV experiments via semi-leptoni proesses are in fat ompliated
by hadroni ontributions. Two examples whih are partiularly of interest to this meeting are
i) the PV eletron proton or deuteron sattering whih aims to explore the strangeness ontent
of a nuleon and ii) the atomi PV and Qweak experiments whih try to determine how the
Weinberg angle sin2 θW evolves with Q
2
(∼ 0 for the former and ∼ 10−2 GeV2 for the latter). 2
For better interpretation of these experiments, the hadroni ontributions appearing in terms of
axial form fator or anapole moment should be properly taken into aount.
This short review is organized as following: The past aomplishments in and the urrent
status of the PV NN interation are rst reviewed in setion 2. A new joint eort between
experiment and theory that tries to address the potential problems in the past by fousing on
parity violation in few-nuleon systems and using the language of eetive eld theory (EFT) is
then outlined in setion 3, followed by a brief summary in setion 4.
2. The Old Paradigm
At low energies, two nuleon sattering mainly goes through the S-wave hannel, therefore, the
PV NN interation, V PV, then indues a small P -wave admixture. It is rst pointed out by
Danilov [7, 8, 9℄ that, at low energies, V PV an be fully haraterized by ve suh SP sattering
amplitudes as tabularized in table 1. Their zero-energy limits, the so-alled Danilov parameters,
are the quantities to be determined phenomenologially. As these two-body PV experiments were
beyond experimental apability in those times, most measurements were performed in heavier
1
There are theoretial explorations of parity violation in proesses suh as pion photo- and eletro-produtions
(Refs. [5, 6℄). However, they have not been experimentally realized.
2
For these topis, please refer to ontributions by D. Armstrong, K. Pashke, and P. Souder in the same volume.
nulei. For this purpose, Desplanques and Missimer [10℄ extend this idea, by applying the Bethe-
Goldstone equation, to many-body systems. This PV potential in terms of the SP amplitudes
takes the form
V PV
S−P
(r) =
4π
mN
{[
v0
1
4
(3 + τ·) + v
1 τ z+ + v
2 τ zz
]
σ− · {−i∇ , δ(r)}
+u
1
4
(1− τ·)σ− · {−i∇ , δ(r)} + w τ z−σ+ · {−i∇ , δ(r)}
}
, (1)
where mN is the nuleon mass, τ· ≡ τ1 · τ2, τ z± ≡ (τ z1 ± τ z2 )/2, τ z× ≡ i (τ1 × τ2)z/2, and
τ zz ≡ (3 τ z1 τ z2 − τ1 · τ2) /(2
√
6) are the isospin operators; σ± ≡ σ1±σ2 and σ× ≡ iσ1×σ2 are
the spin operators.
3
Though a lot of pre-80s data are analyzed in this framework [10, 11, 12℄,
no detailed onsisteny hek has been performed along this line; and this framework has almost
been forgotten after 80s, partly beause the meson-exhange piture gets more popularity.
The formulations of V PV in terms of meson exhange, whih an be dated bak to the works
by Blin-Stoyle [13, 14℄ and Barton [15℄, are in fat not muh younger than the SP amplitude
framework. Using the Barton's theoremwhih forbids any PV oupling between a nuleon and
a neutral pseudosalar meson by CP invarianeand onsidering mesons below GeV sale, one
is left with π±, ρ, and ω mesons. The resulting potential has seven PV meson-nuleon ouplings,
hix's (x denotes the type of meson and i the isospin) and takes the form
V PV
OME
(r) = V PVρ,ω (r) + V
PV
π (r) , (2)
V PVρ,ω (r) =
−1
mN
{
gρ
[
h0ρ τ· + h
1
ρ τ
z
+ + h
2
ρ τ
zz
]
(σ− · uρ+(r) + i (1 + χρ)σ× · uρ−(r))
+gω
[
h0ω + h
1
ω τ
z
+
]
(σ− · uω+(r) + i (1 + χω)σ× · uω−(r))
−gρ h1ρ τ z−σ+ · uρ+(r) + gω h1ω τ z− σ+ · uω+(r)
+gρ h
1′
ρ τ
z
× σ+ · uρ−(r)−
}
, (3)
V PVπ± (r) =
1√
2mN
gπ h
1
π τ
z
× σ+ · uπ−(r) , (4)
where gx's denote the parity-onserving (PC) x-meson-nuleon ouplings; χω and χρ are the
isosalar and isovetor strong tensor ouplings, respetively; the spatial operator ux−(+)(r) is
dened as the (anti-) ommutator of −i∇ with the Yukawa funtion fx(r)
ux±(r) = [−i∇ , fx(r)]± ≡
[
−i∇ , e
−mx r
4π r
]
±
. (5)
The attrativeness of this meson-exhange piture is apparent: not only there are not muh more
undetermined parameters, but also it provides a transparent gateway between phenomenology
and the underlying theoryone an atually perform hadroni alulations of these ouplings
and ompare with ts from experiments. This above form then beomes the standard in this eld
after Desplanques, Donoghue, and Holstein (DDH) give their predition for these meson-nuleon
oupling onstants, based on a quark model alulation [16℄.
Several hadroni alulations of these oupling onstants are ompared in table 2. The best
guess values by DDH are pretty onsistent with two other quark model alulations (DZ [17℄ and
FCDH [18℄). However, as stressed by DDH, their best values have to be understood in the ontext
3
In the atual analyses by Desplanques and Missimer, the one-pion-exhange ontribution is added separately
in order to better present the long-range part of the w-type amplitude, i.e., the
3
S1
3
P1 transition.
Table 2. Hadroni preditions for the seven PV meson-nuleon oupling onstants (see text for
explanation of abbreviations and referenes).
Quark Model χ-Soliton QCD SR LQCD
×107 DDH Range Best DZ FCDH KM HHK Lobov BS
h1π 0.0 ↔ 11.4 4.6 1.1 2.7 0.2 3.0 3.4 proposed
h0ρ -30.8 ↔ 11.4 -11.4 -8.4 -3.8 -3.7
h1ρ -0.4 ↔ 0.0 -0.2 0.4 -0.4 -0.1
h2ρ -11.0 ↔ -7.6 -9.5 -6.8 -6.8 -3.3
h0ω -10.3 ↔ 5.7 -1.9 -3.8 -4.9 -6.2
h1ω -1.9 ↔ -0.8 -1.1 -2.3 -2.3 -1.0
h1
′
ρ 0.0 -2.2
of the very modest allowed ranges (the seond olumn of table 2), whih are a rough estimate of
potentially huge theoretial unertainties. Thus, for example, despite the DDH best value for h1π
diers by an order of magnitude from the predition of another quark model, the hiral soliton
model (KM [19, 20℄), these two results are still well within the allowed range. For the most
interested quantity h1π, there are two onsistent QCD Sum Rule alulations (HHK [21, 22℄ and
Lobov [23℄), whih seem to favor DDH's result. But, it is still premature to make any judgment
at this stage, and will be very interesting to see how the proposed lattie QCD eort (BS [24℄),
if ever realized, an provide us a more denitive answer.
On the other hand, what are the experimental onstraints on these PV oupling onstants?
Although quite a few data has been aumulated during the past years, not all of them have small
errors to be onstritive. Using the several preise data available to date, it is fair to say that
experiment and theory have not reahed onsisteny. Two majors puzzles are illustrated in FIG. 1
of Ref. [25℄ and FIG. 8 of Ref. [26℄. In the former gure, a less ambitious two dimensional t to
some linear ombinations of these seven ouplings is plotted. The onstraints from the anapole
moments of
133
Cs and
205
Tl learly ontradit with eah other. Although the
133
Cs result probes
the similar linear ombination of PV ouplings as ones of the ~pα and 19F experiments, it favors
larger values. If one disards anapole onstraints, the nulear PV data do have an agreed region,
where the isosalar oupling ombination agrees with the DDH best guess, but the isovetor
oupling ombination, mostly determined by h1π (it is denoted as fπ there), favors a muh smaller
value than the DDH best guesshowever, still in the allowed range. The latter tight onstraint,
set by the
18
F data, is thought to be pretty robust as the experiments are repeated by ve
dierent groups and the nulear matrix elements are alibrated well from analogous β deay
data. The seond puzzle omes from the ~p p asymmetry measurements performed at 13.6, 45,
and 221MeV. In the V PV
OME
framework, these asymmetries only depend on two linear ombinations
of the PV ouplings: hρ = h
0
ρ + h
1
ρ + h
2
ρ/
√
6 and hω = h
0
ω + h
1
ω; therefore, hρ and hω should be
uniquely determined by these experiments. As one an see from the latter gure, the tted value
of hρ ∼ −20 is onsistent with the DDH best guess, but the one of hω ∼ 5 is only marginally
onsistent with the very modest DDH reasonable range and is in large disrepany with other
theoretial preditions.
3. The New Diretion
There an be many reasons for this unsettling situation: First, the experiments might have
their own problems. Seond, as most data are obtained in nulear systems of medium to heavy
mass, the reliability of many-body alulations an be questioned. Third, one may wonder if the
meson-exhange model is really adequate.
In the last deade, we have seen quite some aomplishments in applying the EFT
tehnique to the onstrution of parity-onserving two- and few-nuleon fores. Though
there is still gap to ath up with the suess of modern, high-quality, phenomenologial
potentials, this framework has the advantages of being ompletely general, model-independent,
and systematially improvable. Therefore, in order to avoid the potential problems assoiated
with the meson-exhange piture, Zhu et al. reently applied the similar EFT tehnique and
proposed a re-formulation of V PV to the order of Q (Q is the momentum sale) [27℄.
At this order, the PV potential, V PV
EFT
, ontains three omponents:
4
V PV
EFT
(r) = V PV1,SR(r) + V
PV
−1,LR(r) + V
PV
1,MR(r) . (6)
1) The short-range (SR) part: This onsists of the four-fermion ontat operators whih meet
all the symmetry requirements. It is expressed, with 10 undetermined low-energy onstants
(LECs) C's and C˜'s, 5 as
V PV1,SR(r) =
2
Λ3χ
{ [
C1 + (C2 + C4) τ
z
+ + C3 τ· + C5 τ
zz
]
σ− · yx−(r)
+
[
C˜1 + (C˜2 + C˜4) τ
z
+ + C˜3 τ· + C˜5 τ
zz
]
σ× · yx−(r)
+(C2 − C4) τ z− σ+ · yx+(r) + C˜6 τ z× σ+ · yx−(r)
}
, (7)
where Λχ is the sale of hiral symmetry breaking and related to the pion deay onstant Fπ by
Λχ = 4π Fπ ≈ 1.161GeV. The spatial operator ym±(r) have the properties that i) it is strongly
peaked at r = 0 with a range about 1/mx, and ii) it approahes δ(r) in the zero range (ZR)
limit (i.e., mx →∞). A onvenient hoie, to mimi the meson-exhange piture, is
yx±(r) = m
2
x ux±(r)→ [−i∇ , δ(r)/r2]± . (8)
When one sets mx = mρ,ω and assume the following relations between C- and C˜-type LECs
C˜1
C1
=
C˜2
C2
= 1 + χω , (9)
C˜3
C3
=
C˜4
C4
=
C˜5
C5
= 1 + χρ , (10)
then V PV1,SR(r) is tantamount to the short-range setors of V
PV
OME
(r): the ones orresponding the
ρ- and ω-exhanges V PVρ,ω (r). Also, in the ZR limit, one an see that y∞−(r) and y∞+(r) have
the same matrix element. Therefore, V PV1,SR(r) an be mapped to V
PV
S−P (r) so that the 10 LECs at
the superial level an be redued to 5, whih orresponds to the number of the physial SP
amplitudes.
2) The long-range (LR) part: This is the leading order term in EFT (subsripted as -1) and
orresponds to the familiar PV one-pion-exhange potential,
V PV−1,LR(r) = V
PV
π± (r) , (11)
whih depends on h1π.
4
An additional higher-order long-range term V
PV
1,LR in Ref. [27℄ is omitted here, sine it is shown to be
redundant [28℄.
5
The notations here are of Ref. [29℄.
3) The medium-range (MR) part: This is resulted from two-pion-exhange (TPE)
ontributions with one of the four pion-nuleon ouplings being PV (therefore, also depends
on h1π). It takes the form
V PV1,MR(r) =
2
Λ3χ
{
− 4
√
2π g3A h
1
π σ× · yL2π(r)
+3
√
2π g3A h
1
π τ
z
× σ+ ·
[(
1− 1
3 g2A
)
y
L
2π(r)−
1
3
y
H
2π(r)
]}
, (12)
y
L
2π(r) =
[
−i∇ , F.T.
(√
4m2π + q
2
|q| ln
(√
4m2π + q
2 + |q|
2mπ
))]
, (13)
y
H
2π(r) =
[
−i∇ , F.T.
(
4m2π
|q|√4m2π + q2 ln
(√
4m2π + q
2 + |q|
2mπ
))]
, (14)
where F.T. denotes a Fourier transform from q- to r-spae. 6 Note that both the MR and
SR interations appear at the same EFT order (next-to-next-to-leading, subsripted as 1), and
their expressions should be understood in the ontext of the spei regularization sheme. The
MR interation as given by Zhu et al. only ontains the non-analyti part of TPE; all the analyti
part has been eetively inluded in the SR interation [27℄.
Overall, this new formulation ontains 6 (5 LECs plus h1π) undetermined parameters. Though
this number seems omparable to 7 in the OME framework, one has to note that this EFT
formulation is only to O(Q); therefore, one should be very areful when trying to analyse not-
so-low-energy proesses (e.g., ~p p sattering at 221 MeV is obviously out of sope). On the other
hand, if one further limits the momentum sale under the pion mass, i.e., Q ≪ mπ ∼= 140MeV,
whih orresponds to an energy sale of E ≪ 10MeV, then the pion degrees of freedom an
be integrated out and this leads to a pionless theory where only 5 LECs are needed. Although
this pionless framework requires less parameters (by one), the most interested PV onstant h1π
beomes obsure sine it is impliitly inluded in LECs.
For determining these six parameters, a searh program has also been skethed out in
Ref. [27℄. The basi idea is to explore as many low-energy observables in few-nuleon systems as
possible. With the advane of experimental apparatus and tehniques, PV experiments in few
nuleon systems with 10% preision beome feasible nowadays. Furthermore, modern few-body
alulations are also sophistiated enough to allow reliable interpretations of these experiments.
Combining the model-independent PV NN interation based on EFT, we should be able to
properly address the above-mentioned problems that possibly undermine a onsistent piture of
nulear parity violation.
Both experimental and theoretial eorts in this broad program are summarized, but not
exhaustively, in table 3.
On the experimental side, there are two existing data points, the low-energy ~p p sattering
(the 13.6 and 45 MeV experiments measure virtually the same parameter) and ~pα sattering.
There are two ongoing experiments: the asymmetry measurement in radiative polarized neutron
apture on proton at the Los Alamos Neutron Siene Center (LANSCE) and the thermal neutron
spin rotation measurement in liquid helium at the National Institute of Standard and Tehnology
(NIST). The Fundamental Neutron Physis Beamline (FNPB) program, whih is going to take
advantage of the high-intensity, pulsed neutron beam from the just-ompleted Spallation Neutron
Soure (SNS), will onsider other neutron-indued proesses. Overall, it looks very promising
that enough data will be taken in the near future.
6
Some mistakes in Eq. (121) of Ref. [27℄ have been xed in order to produe Eqs. (13, 14); see Refs. [30, 29℄.
Table 3. The nulear PV searh program in few-nuleon systems (non-exhaustive).
Observables Theory Experiment (×107)
A~ppL (13.6MeV) −0.45mNλpps a −0.93± 0.21 (Bonn) [31℄
A~ppL (45MeV) −0.78mNλpps a −1.57± 0.23 (SIN) [32℄
d
d z
φ~npn (th.) [2.50λ
np
s − 0.57λt + 1.41 ρt] mN + 0.29 C˜π6 a SNS
Pnpγ (th.) [−0.16λnps + 0.67λt] mN a (1.8± 1.8) [4℄, SNS?
A~γdL (1.32 keV) Same as above
a
HIGS? IASA? Spring-8?
A~npγ (th.) −0.09mNρt − 0.27 C˜π6 a (0.6± 2.1) [33℄, LANSCE 
d
d z
φ~ndn (th.) To be done SNS?
A~ndγ (th.) [0.59λ
nn
s + 0.51λ
np
s + 1.18λt + 1.42 ρt] mN
b (42± 38) [34℄, SNS?
A~pαL (46MeV) [−0.48λpps − 0.24λnps − 0.54λt − 1.07 ρt] mN b −3.3± 0.9 (SIN) [35℄
d
d z
φ~nαn (th.) [1.2λ
nn
s + 0.6λ
np
s + 1.34λt − 2.68 ρt] mN b (8± 14) [36℄, NIST 
a)
Results taken from Ref. [29℄.
b)
Results taken from Ref. [27℄. These alulations have to be improved, and also be heked
with alulations using the pionful theory sine it is questionable if the pionless framework
an apply to these ases (See Ref. [29℄ for some remarks).
)
With plans ontinuing at SNS.
On the theoretial side, the re-analysis of these PV observables is also under way [29℄.
This is done in the so-alled hybrid EFT fashion, whih marries the general PV potential
derived from the EFT onsideration and the start-of-the-art nulear wave funtions obtained
from phenomenologial model alulations. The 5 independent LECs are ompletely mapped
to the dimensionless Danilov parameters: mN × (λpps , λnns , λnps , λt, ρt) with the long-range one-
pion-exhange ontribution, haraterized by C˜π6 ∝ h1π, being singled out from the 3S13P1
amplitude.
7
The observables in two-body systems have been analyzed with the results given
in the table 3. The observables in few-body systems should be analyzed in the same way with
updated alulations. These results will be valuable for prioritizing the future measurements.
4. Summary
The study of strangeness-onserving hadroni weak interation is a hallenging task both
experimentally and theoretially. Although the eorts in the past fty years have not been able to
provide us a onsistent overall piture, the preious lessons learned however motivate a new and
promising diretion. This new researh program onsists of three important ingredients: (1) the
high-preision measurements of nulear parity-violation in few-nuleons systems, (2) the reliable
few-body alulations using the state-of-the-art tehniques to interpret the experiments, and (3)
the general, model-independent formulation of the parity-violating nuleon-nuleon interation,
whih in ombination aim to address the potential problems in the past. The Fundamental
Neutron Physis Beamline program at the Spallation Neutron Soure is going to trigger a new
renaissane for this researh, and with intensive joint eorts between experiment and theory, one
hopes not only to reah a onsistent piture of hadroni weak interation but also to provide
important, additional input for the study of the nonperturbative dynamis of strong interation.
7
In this sense, this new framework is a revival of the SP analysis proposed by Danilov, Desplanques and
Missimer (also see footnote 3).
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